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HemicellulaseThe digestive apparatus of termites may have several biotechnological applications, as well as being a target for
pest control. This report discusses the detection of cellulases (endoglucanase, exoglucanase, and β-glucosidase),
hemicellulases (β-xylosidase, α-L-arabinofuranosidase, and β-D-xylanase), α-amylase, and proteases (trypsin-
like, chymotrypsin-like, and keratinase-type) in gut extracts from Nasutitermes corniger workers and soldiers.
Additionally, the effects of pH (3.0–11.0) and temperature (30–100 °C) on enzyme activities were evaluated.
All enzymes investigated were detected in the gut extracts of worker and soldier termites. Endoglucanase and
β-xylanasewere themain cellulase and hemicellulase, respectively. Zymography for proteases ofworker extracts
revealed polypeptides of 22, 30, and 43 kDa that hydrolyzed casein, and assays using protease inhibitors showed
that serine proteases were themain proteases in worker and soldier guts. The determined enzyme activities and
their response to different pH and temperature values revealed that workers and soldiers contained a distinct
digestive apparatus. The ability of these termites to efﬁciently digest the main components of lignocellulosic
materials stimulates the puriﬁcation of gut enzymes. Further investigation into their biotechnological potential
as well as whether the enzymes detected are produced by the termites or by their symbionts is needed.55 8121268576.
va).© 2014 Elsevier Inc. All rights reserved.1. Introduction
Termites (order Isoptera) are eusocial insects that can be classiﬁed
into morpho-physiologically distinct castes called queens, kings, alate
forms (reproductive members), workers, soldiers, and immature
forms. Termites participate in nutrient recycling by grinding, decompo-
sition, humiﬁcation, andmineralization of cellulosic resources and their
variants, because they have appropriate digestive mechanisms capable
of metabolizing different biopolymers found in wood, fruits, tubers,
crops, and soil components (Tayasu et al., 1997; Hartke and Baer, 2011).
Lignocellulosic materials are degraded by termites since these
insects produce cellulases and hemicellulases. The cellulases are usually
classiﬁed as endoglucanases, exoglucanases and β-glucosidases.
Endoglucanases cleave randomly glycoside bonds within the cellulose
molecule, hydrolyzing more quickly amorphous regions, where there
are fewer and/or weaker hydrogen bonds. The exoglucanases act on
the extremities of cellulose chain, not only mainly producing cellobiosebut also glucose and cellotriose. The β-glucosidases, also known
as cellobiases, catalyze the hydrolysis of cellobiose released by
exoglucanases and endoglucanases (Fischer et al., 2013).
The hemicelulases are enzymes that hydrolyze the complex hemi-
cellulose net. Xylanases are responsible for degrading the xylan fraction
producing xylobiose and several types of xylo-oligosaccarides. Next, the
β-xilosidases cleave the xylobiose and the oligosaccharides until xylose.
The α-L-arabinofuranosidases hydrolyze non-reducing terminals con-
taining L-arabinosil residues of polysaccharides such as arabinoxylans,
arabinans and arabinogalactans (Saha, 2000; Moreira and Filho, 2008).
The high efﬁciency of the lignocellulolytic systems found in the ter-
mite gutmakes their cellulases and hemicellulases importantmodels to
be studied for use in the processing of lignocellulosic biomass for biofuel
production, for example (Sun and Scharf, 2010; Scharf et al., 2011;
Mathew et al., 2013). Cellulases are also employed in the production
of pharmaceuticals and detergents, wastewater treatment, and the pro-
cessing of fruits and vegetables (Mamma et al., 2009).
In addition to cellulose, termites are able to degrade other glucose
polymers such as starch and glycogen through the action of amylases
(Waller and La Fage, 1986). The amylases are enzymes that hydrolyze
α-1,4-glycosidic bonds in amylose chains producing glucose, maltose,
and maltotriose units. These enzymes are biotechnologically applied
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(Hmidet et al., 2009; Souza and Magalhães, 2010).
Soil is composed of a large proportion of hydrolyzable peptides,
and up to 20% of the total organic carbon adsorbed on soil particles
may be from peptidic carbon (Kelley and Stevenson, 1996; Knicker
et al., 2000). Ji and Brune (2005) showed that the combined action
of extreme alkalinity in the hindgut, autooxidative processes, and
proteolytic activity make soil-feeding termites able to use peptidic
components of humic acids as a source of carbon and energy. Thus,
the gut of soil-feeding termites may be an important source of prote-
ases. These enzymes may have several applications, for example, in
leather processing, the production of biodegradable plastics, milk-
clotting, meat maturation, and enzymatic synthesis of sweeteners
(Naveena et al., 2004; Ogino et al., 2008; Haddar et al., 2009;
Merheb-Dini et al., 2009).
In higher termites (family Termitidae), digestive enzymes are
encoded by the termite genome or produced by gut symbiotic bacteria,
such as spirochetes and ﬁbrobacters (Warnecke et al., 2007). Amino
acid sequencing, cloning, and expression of enzymes in heterologous
systems allow the production of termite enzymes on a large scale
through genetic engineering techniques (Olempska-Beer et al., 2006).
Apart from the biotechnological potential, the characterization of di-
gestive enzymes from termites can contribute to the development of
new insecticides. Natural insecticides derived from plants, such as en-
zyme inhibitors, lectins, and secondary metabolites, are known to inter-
fere in digestive enzyme activities. One study showed thatMicrogramma
vaccinifolia rhizome lectin possessed termiticidal activity, andwas able to
promote imbalances in the activities of trypsin-like protease, acid phos-
phatase, and cellulase from the gut of termites (Albuquerque et al.,
2012).
Nasutitermes corniger (Termitidae) is a soil-feeding and wood-
damaging termite species. It is considered a threat to urban centers
and has been favored by environmental imbalance (Figueiredo, 2004).
However, reports on digestive enzymes from this species are scarce.
Napoleão et al. (2011) and Albuquerque et al. (2012) have reported
the detection of trypsin, amylase, cellulase, and phosphatase activities
in the gut ofN. corniger, but to our knowledge, there is no other informa-
tion about the characteristics of these and other digestive enzymes.
Tokuda et al. (2012) studied the wood digestion of other species from
this genus, Nasutitermes takasagoensis, and reported that wood frag-
ments are ﬁrstly broken by mastication and salivary β-glucosidases,
followed by the digestive action of endoglucanases and β-glucosidases
in the midgut luminal space.
This paper describes the assessment and partial characterization of
cellulolytic (endoglucanase, exoglucanase, and β-glucosidase),
hemicellulolytic (β-xylosidase, α-L-arabinofuranosidase, and β-D-
xylanase), amylolytic (α-amylase), and proteolytic (trypsin-like,
chymotrypsin-like, and keratinase-type proteases) activities in gut ex-
tracts of N. cornigerworkers and soldiers.2. Materials and methods
2.1. Insects
Colonies of N. cornigerwere collected at an Atlantic Forest fragment
located at the campus of the Universidade Federal Rural de Pernambuco.
The authors have authorization from the Instituto Chico Mendes de
Conservação da Biodiversidade from Brazilian Ministry of the Environ-
ment for termite collection (number 36301-2). Termite colony was se-
lected according to overall integrity criteria and the nest was carefully
removed from the trunk of a tree using a machete and transferred to
laboratory packaged into a black plastic bags. The colony was main-
tained at 28 ± 2 °C (70 ± 5% relative humidity) in the dark during
6 h. In this period, the workers and soldiers were collected and separat-
ed for use in preparation of termite gut extracts.2.2. Chemicals
Acrylamide, Avicel, azocasein, N-benzoyl-DL-arginyl-ρ-nitroanilide
(BApNA), bovine serum albumin, carboxymethylcellulose (CMC), casein
from bovine milk, citric acid, Coomassie Brilliant Blue R-250, 3,5-
dinitrosalicylic acid (DNS), ethylene-diaminetetraacetic acid (EDTA),
D(+)-glucose, glutaraldehyde, N,N′-methylenebis(acrylamide), ρ-
nitrophenyl-α-L-arabinofuranoside (ρNPAraf), ρ-nitrophenyl-β-D-
glucopyranoside (ρNPG), ρ-nitrophenyl-β-D-xylopyranoside (ρNPX),
ρ-nitrophenol, pepstatin A, phenylmethylsulfonyl ﬂuoride
(PMSF), sodium bicarbonate, sodium dodecyl sulphate (SDS), N-
succinyl–alanyl–alanyl–alanyl–ρ-nitroanilide (Suc–Ala–Ala–Ala–
pNA), N-succinyl–L-phenylalanine–ρ-nitroanilide (Suc–Phe–pNA),
trans-epoxysuccinyl-L-leucyl-amido (4-guanidino)butane (E-64),
trishydroxymethylaminomethane (Tris), xylan and D(+)-xylose
were purchased from Sigma-Aldrich (St. Louis, MO, USA). Acetic
acid, HCl, dibasic sodium phosphate, monobasic sodium phosphate,
NaCl, and trichloroacetic acidwere purchased fromVetec (Rio de Janeiro,
Brazil). Ammonium persulphate, calcium chloride, sodium acetate,
NaOH, soluble starch, N,N,N′,N′-tetramethylethylenediamine (TEMED),
and Triton X-100 were purchased from Merck (Darmstadt, Germany).
All reagents were of analytical grade.
2.3. Termite gut extracts
Groups of workers or soldiers of N. corniger were immobilized by
placing them in a freezer at−20 °C for 10–15min. Each termitewas de-
capitated using an 8-mm-long, 0.3-mm needle (BD Ultra-Fine II from
Becton, Dickinson and Company, NJ, USA) and had its gut removed in-
tact by pulling of the last abdominal segments. Next, the guts were
stored on ice in 0.1 M sodium acetate pH 5.5 or 0.1 M Tris–HCl pH 8.0,
both containing 0.15 M NaCl.
N. corniger gut extracts were obtained according to Napoleão et al.
(2011). A group of 100 guts from workers or soldiers was placed in a
2-mL glass tissue grinder and manually homogenized with 1 mL of the
buffer solution used in dissection. The homogenates were then centri-
fuged at 9000 g at 4 °C for 15 min. The collected supernatants (worker
or soldier gut extracts) were used for evaluation of enzyme activities.
The extracts in sodium acetate buffer were used in assays for cellulase,
hemicellulase and α-amylase activities while extracts in Tris buffer
were used in the assays for protease activities. Protein concentration
of extracts was determined according to Lowry et al. (1951) using bo-
vine serum albumin (31.25–500 μg/mL) as standard. For each buffer,
three independent extractions (using termite groups from distinct
nests) were performed and thus three distinct pools (extracts) were
evaluated in the experiments. Extracts in the same buffer had their pro-
tein concentrations adjusted to the same values in order to standardize
the concentrations and volumes in enzyme assays.
2.4. Cellulase activities
Assays for endoglucanase and exoglucanase activities were carried
out according to adaptations of the methods described by Li et al.
(2009) and Wood and Bhat (1988), respectively. The reactions started
by incubating (50 °C, 10 min) gut extract from workers (100 μL,
330 μg of protein) or soldiers (100 μL, 270 μg of protein) with 400 μL
of 1% (w/v) CMC (for endoglucanase activity) or 1% (w/v) Avicel (for
exoglucanase activity) in 0.1 M sodium acetate pH 5.5 containing
0.15 M NaCl. After incubation, 500 μL of DNS was added to stop the re-
action and the mixtures were heated (100 °C, 6 min) and immediately
cooled in ice (15 min). Then, the absorbance at 540 nmwas measured.
The amount of reducing sugars was determined using glucose as stan-
dard (Y = 0.1261X− 0.0157; Y is the absorbance at 540 nm; X is the
glucose concentration in mg/mL). One unit of enzyme activity was de-
ﬁned as the amount of enzyme required to generate 1 μmol of glucose
per minute. Blanks were performed submitting worker and soldiers
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blanks of the substrate in the absence of gut extractswere also achieved.
An adaptation of themethod described by Tan et al. (1987)was used
to assess β-glucosidase activity. Gut extract from workers (100 μL,
330 μg of protein) or soldiers (100 μL, 270 μg of protein) was incu-
bated (50 °C; 10 min) with 400 μL of 0.1% (w/v) ρNPG in sodium ac-
etate pH 5.5 containing 0.15 M NaCl. After incubation, 500 μL of 10%
(w/v) sodium bicarbonate was added to stop the reaction and the
absorbance at 410 nm was measured. The amount of ρ-nitrophenol
released by hydrolysis of ρNPG was determined using a calibration
curve (Y = 32.224X + 0.0783; Y is the absorbance at 410 nm; X is
the ρ-nitrophenol concentration in mg/mL). One unit of activity was
deﬁned as the amount of enzyme required to generate 1 μmol of ρ-
nitrophenol per minute. Reaction blanks were performed without ρNPG
to eliminate colorimetric interference of extract as well as using the sub-
strate in the absence of gut extract to correct non-enzymatic turnover.
2.5. Hemicellulase activities
Assays for β-xylosidase and α-L-arabinofuranosidase activities were
carried out according to Tan et al. (1987). Gut extract from workers
(100 μL, 330 μg of protein) or soldiers (100 μL, 270 μg of protein) was
incubated at 50 °C during 10 min with 400 μL of 0.1% (w/v) ρNPX (for
β-xylosidase) or ρNPAraf (for α-L-arabinofuranosidase) in 0.1 M sodi-
um acetate pH 5.5 containing 0.15 M NaCl and, after incubation period,
the reaction was stoppedwith 500 μL of 10% (w/v) sodium bicarbonate.
The absorbance at 410 nm was measured and the amount of ρ-
nitrophenol released was determined as described in Section 2.4. One
unit of activity was deﬁned as the amount of enzyme required to gener-
ate 1 μmol of ρ-nitrophenol per minute. Reaction blanks were per-
formed in the absence of substrates as well as in the absence of gut
extracts.
Assay for β-D-xylanase activity was performed according to Wood
and Bhat (1988). Initially, gut extract from worker (100 μL, 330 μg of
protein) or soldier (100 μL, 270 μg of protein) was incubated (50 °C,
10 min) with 400 μL of 1% (w/v) xylan in 0.1 M sodium acetate pH 5.5
containing 0.15MNaCl. Next, 500 μL of DNSwas added to stop the reac-
tion and themixtures were heated at 100 °C during 6 min and immedi-
ately cooled in ice (15 min). The absorbance at 540 nm was measured
and the amount of reducing sugars was determined using xylose as
standard (Y = 0.1183X− 0.0704; Y is the absorbance at 540 nm; X is
the xylose concentration in mg/mL). One unit of xylanase activity was
deﬁned as the amount of enzyme required to generate 1 μmol of xylose
per minute. Reaction blanks were performed without xylan or without
gut extracts.
2.6. α-Amylase activity
The assay was carried out based on the method described by
Bernfeld (1955). Gut extract from worker (100 μL, 330 μg of protein)
or soldier (100 μL, 270 μg of protein) was incubated at 50 °C for
10 min with 400 μL of 1% (w/v) soluble starch in 0.1 M sodium acetate
pH 5.5 containing 0.02 M CaCl2 and 0.15 M NaCl. The reaction was
stopped by adding 500 μL of DNS. Next, the assays were heated at
100 °C in boiling water for 6 min and immediately cooled on ice for
15 min. Then, absorbance was measured at 540 nm. The amount of re-
ducing sugarswas determined using the calibration curve of glucose de-
scribed in Section 2.4. One unit of amylase activity was deﬁned as the
amount of enzyme required to generate 1 μmol of glucose per min.
Reaction blanks were performed without starch or without extracts.
2.7. Protease assays
Total protease activity was determined using azocasein as substrate
according to Azeez et al. (2007). Worker (100 μL, 360 μg of protein) or
soldier (100 μL, 245 μg of protein) gut extract was mixed with 300 μLof 0.1 M sodium phosphate pH 7.5 containing 50 μL of 0.6% (w/v)
azocasein. Themixturewas supplementedwith 100 μL of 0.1% (v/v) Tri-
ton X-100 and incubated at 37 °C for 3 h. The reaction was stopped by
adding 200 μL of 10% (v/v) trichloroacetic acid and the mixture was in-
cubated at 4 °C for 30min. Next, it was centrifuged at 9000 g for 10 min
and the absorbance of the supernatant at 366 nmwas determined. One
unit of protease activity was deﬁned as the amount of enzyme that gave
an increase of 0.01 in absorbance. Reaction blanks were performed by
adding 10% trichloroacetic acid before the addition of substrate.
The effect of the protease inhibitors pepstatin A (8 mM), E-64
(8mM), PMSF (8mM) and EDTA (8mM) was investigated. Each inhib-
itor was separately added (1:1, v/v, ratio) to N. corniger gut extract and
themixtures were incubated at 37 °C for 30min. Next, protease activity
assay was performed. Residual protease activity was determined in
comparison with control without inhibitors (100% of activity). Blanks
containing the substrate without addition of gut extracts were also
performed.
Zymography for protease activity was carried out according to the
method described by García-Carreño et al. (1993) Sample of worker or
soldier gut extract (25 μg of protein) in Tris buffer was submitted to
polyacrylamide gel electrophoresis containing SDS using a 12% (w/v)
gel prepared according to Laemmli (1970). After electrophoresis at
4 °C, the gel was immersed in 2.5% Triton X-100 in 0.1 M Tris–HCl
pH 8.0 to remove SDS and incubated with 3% casein (w/v) in 0.1 M
Tris–HCl pH 8.0 for 30 min at 4 °C. The temperature was raised to
37 °C and kept for 90 min to allow the digestion of casein by peptides
with protease activity. Finally, the gel was stained for protein using
0.02% (v/v) Coomassie Brilliant Blue in 10% (v/v) acetic acid and the
gel was washed with distaining solution (40% methanol, 10% acetic
acid, and 50% distilled water). Light bands against the dark background
indicated protease activity. Zymography was repeated three times.
Trypsin-like, chymotrypsin-like, and keratinase-type enzymes were
evaluated using the synthetic substrates BApNA (8mM), Suc–Phe–pNA
(11 mM), and Suc–Ala–Ala–Ala–pNA (11 mM), respectively. Worker or
soldier gut extract (150 μL, 50 μg of protein)was incubated for 60min at
37 °Cwith Tris buffer (35 μL) and substrate (15 μL). The substrate hydro-
lysis was followed by measurement of absorbance at 405 nm. One unit
of activity was deﬁned as the amount of enzyme that hydrolyzes 1 μmol
of substrate per minute.
2.8. Effect of temperature and pH on enzyme activities
Enzyme activities from N. corniger gut extracts were evaluated after
heating for 30min at 30–100 °C. The effect of pH on activities was eval-
uated by incubation (24 h; 4 °C) of N. corniger gut extracts in different
solutions (0.1 M citrate phosphate buffer, pH 3.0 to 6.0; 0.1 M sodium
phosphate buffer pH 7.0; 0.1MTris–HCl buffer pH8.0 and9.0; NaOH so-
lution pH 10.0 and 11.0) before determination of enzyme activities.
2.9. Statistical analysis
The enzyme, temperature and pH assays were repeated three times,
each timeusing one of the pools (extracts) indicated in Section 2.3. Each
repetition was performed in triplicate. Standard deviations (SD) were
calculated using GraphPad Prism version 4.0 for Windows (GraphPad
Software, San Diego, CA, USA) and data were expressed as a mean of
replicates ± SD. Signiﬁcant differences between treatments were ana-
lyzed by Student's t-test (signiﬁcance at p b 0.05) using the Origin 6.0
program.
3. Results and discussion
N. corniger is an urban pest often included among themost voracious
and invasive termites. Within its genus, it was the ﬁrst species to settle
in urban areas in certain parts of the world. It is considered an ecologi-
cally ﬂexible species, since these termites are capable of using several
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aged us to study the digestive enzymes in the gut ofN. cornigerworkers
and soldiers as well as the absence of more detailed information on en-
zymes from this species in particular.
3.1. Cellulase and hemicellulase activities
Endoglucanaseswere themost active cellulolytic enzymes in the gut
extracts from N. corniger workers and soldiers, followed by
exoglucanases, andﬁnallyβ-glucosidase, inwhich a very low level of ac-
tivity was seen (Table 1). Endoglucanase activity in workers was more
than twice as high as that detected in soldiers. Similarly, endoglucanase
activity in themidgut ofN. takasagoensiswas high inworkers and low in
soldiers (Fujita et al., 2008), and endoglucanase levels were much
higher (approximately 18 fold) than β-glucosidase levels (Tokuda
et al., 2012). Nevertheless, exoglucanase and β-glucosidase activity
from N. corniger were highest in soldiers (Table 1).
Workers and soldiers have distinct eating habits, and the results ob-
tained here concerning cellulase activity may reﬂect the biological dif-
ferences between castes. According to Grassé (1949), immature and
alate forms, as well as soldiers, are unable to feed themselves and
receive stomodeal or proctodeal nourishment fromworkers, such as re-
gurgitated food, saliva, or liquid excreta rich in symbionts. Once the sol-
diers are nourished by partially or completely digested food, the levels
of endoglucanase seen in workers, as mentioned above, would not be
required in a soldier's gut. Otherwise, the enzymes exoglucanase and
β-glucosidase, which are responsible for the ﬁnal digestion of cellulose
components, would be present at higher concentrations in soldiers
than in workers, aiming to optimize cellulose digestion, since the sol-
diers do not actively feed.
The effect of heating on the activity of cellulases is shown in Fig. 1.
Endoglucanase and β-glucosidase activity from worker and soldier gut
extracts were sensitive to high temperatures. Endoglucanase activity
from workers declined 20% and 88% after heating at 50 and 60 °C, re-
spectively, while soldiers' endoglucanase activity was more sensitive
to heating, declining 46% after treatment at 50 °C, and being neutralized
at 60 °C (Fig. 1A, a). Exoglucanase activity from workers increased six
times after heating at 100 °C and the activity from soldiers increased
about ﬁve fold after heating at 90 °C, although it was neutralized atTable 1
Enzyme activities from gut extracts of N. cornigerworkers and soldiers.
Enzymes Workers Soldiers
Speciﬁc activitya Speciﬁc activitya
Cellulases (mU/mg)
Endoglucanase 4600 ± 300 2100 ± 500*
Exoglucanase 140 ± 10 300 ± 25*
β-Glucosidase 10 ± 0.0 80 ± 1*
Hemicellulases (mU/mg)
β-Xylosidase 5.8 ± 1.0 6.1 ± 0.8
α-L-Arabinofuranosidade 0.72 ± 0.3 0.63 ± 0.1
β-D-Xylanase 960 ± 170 130 ± 20**
α-Amylase (U/mg) 24.7 ± 2.5 5.2 ± 1.5**
Proteases
Total protease (U/mg) 215 ± 12.2 18.3 ± 5.3**
Trypsin-like (mU/mg) 6.0 ± 0.41 2.4 ± 0.06*
Chymotrypsin-like (mU/mg) 0.53 ± 0.2 0.13 ± 0.09*
Keratinase-type (mU/mg) 0.40 ± 0.08 0.15 ± 0.1*
a Speciﬁc enzyme activities were calculated by the ratio between the number of
enzyme units and the total amount (mg) of protein used in the assays. Statistical
analysis using Student t-test indicates that enzyme activity from soldier gut extract
was signiﬁcantly different from that of worker gut extract at p b 0.05 (*) or p b 0.01
(**).100 °C (Fig. 1A, b). The workers' β-glucosidase activity was reduced by
82% after heating at 50 °C, and soldiers' β-glucosidase activity was re-
duced by 90% at 40 °C (Fig. 1A, c).
The effect of temperature on cellulase activity from other termite
species has been reported in the literature, and a moderate stability of
enzymes toward heating is frequently observed. Similar to our results,
β-glucosidase fromNeotermes koshunenis resisted the effects of heating,
though only at temperatures lower than 50 °C (Tokuda et al., 2002). In
addition, an endoglucanase from Coptotermes formosanus (Isoptera),
heterologously expressed in Escherichia coli, was active between 20
and 70 °C (Inoue et al., 2005), the same temperature range at which
the endoglucanase from N. cornigerworkers was active.
Cellulase activity was also determined after incubation of the gut
extracts at different pH values, and these enzymes from workers and
soldiers were active after incubation at a wide range of acidic
(3.0–6.0) and basic (9.0–11.0) pH. The highest activity of endoglucanase
(8100 mU/mg), exoglucanase (470 mU/mg), and β-glucosidase
(140 mU/mg) from worker gut extracts was detected at pH 4.0, 3.0,
and 11.0, respectively. For soldiers, the maximum activity of
endoglucanase (5400 mU/mg), exoglucanase (620 mU/mg), and β-
glucosidase (140 mU/mg)was foundafter incubation of the gut extracts
at pH 4.0, 7.0, and 4.0, respectively. These results indicate that barring
endoglucanase, exoglucanase and β-glucosidase from workers have a
more distinct physicochemical behavior than soldiers' enzymes.
The detection of activity at different pH values has been reported for
termite cellulases, and the pH in which they have maximum activity
varies between different species. Similar to the endoglucanase activity
of N. corniger, cellulases fromMacrotermes mülleri showed the highest
activity at pH 4.4, and a C. formosanus endoglucanase showed a maxi-
mum activity at pH 5.8–6.0 (Rouland et al., 1989; Inoue et al., 2005).
The optimum pH for β-glucosidase from Nasutitermes exitiosus ranged
from 2.0 to 2.8 in the foregut, 2.8 to 3.8 in the rectum, and 6.8 to 7.5 in
the midgut and mixed segment (McEwen et al., 1980).
Enzymes usually have their activity affected by pH, since the ioniza-
tion of side chains of amino acids in both the active site and whole en-
zymes inﬂuences protein shape and charge, as well the positioning of
the substrate (Purich, 2010). Crystallography of endoglucanase isolated
from the higher termite N. takasagoensis revealed a common folding
pattern for glycosyl hydrolases and the overall structure of the enzyme
at pH 6.5 is similar to that at pH 5.6, which corresponds to the optimum
pH (Khademi et al., 2002). The authors also observed a conformational
change at the active site in side chain displacement of the Glu412 resi-
due, which may decrease the enzyme activity at a pH higher than 5.6.
The three hemicellulases evaluated in this work were detected in gut
extracts from workers and soldiers (Table 1). β-D-xylanase was the most
active hemicellulase, and the level of α-L-arabinofuranosidase was the
lowest. Xylans are among the main components of lignocellulosic
structures, and the high level of β-D-xylanase indicated the high
adaptability of N. corniger to feed on these materials. The level of α-L-
arabinofuranosidase is less pronounced than that of other hemicellulases
in the termite gut, probably because these enzymes act speciﬁcally by hy-
drolyzing non-reducing terminals containing L-arabinosil residues, which
are present only in some moieties of the polysaccharide molecules. The
β-xylosidase andα-L-arabinofuranosidase activities showed similar levels
in workers and soldiers, but β-D-xylanase activity was higher in workers
than soldiers, probably due to the same reason stated above for
endoglucanases.
The effect of heating on the activity of hemicellulases is shown in
Fig. 1. The β-xylosidase activities fromworkers and soldiers were sensi-
tive to heating, and the enzymes were inactivated at 40 °C (Fig. 1B, a).
The α-L-arabinofuranosidase and β-D-xylanase activities also decreased
with heating, but the α-L-arabinofuranosidase activities from workers
and soldiers were neutralized only at 100 °C (Fig. 1B, b and c) and β-
D-xylanase activity from workers was not abolished, even after heating
at 100 °C (Fig. 1B, c). The β-D-xylanase activity from soldiers was
neutralized after heating at 80 °C (Fig. 1B, c).
Fig. 1. Effect of heating on digestive enzyme activities in gut extracts fromN. cornigerworkers (♦) and soldiers (□): (A) cellulases [endoglucanase (a), exoglucanase (b) and β-glucosidase
(c)], (B) hemicellulases [β-xylosidase (a), α-L-arabinofuranosidase (b), and β-xylanase (c)], (C) α-amylase (a), protease (b) and trypsin-like activities (c).
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tracts at different pH values. Hemicellulases from workers and soldiers
were active after incubation at a wide range of acidic (3.0–6.0) and
basic (9.0–11.0) pH, with the exception of α-L-arabinofuranosidase
from soldiers, for which activity was not detected at pH 4.0, 5.0, 10.0,
and 11.0. The highest activity of β-xylosidase (8.0 mU/mg), α-L-
arabinofuranosidase (0.7 mU/mg), and β-D-xylanase (2700 mU/mg)
from worker gut extracts was detected after incubation at pH 11.0, 6.0
and 7.0, respectively. For soldier gut extracts, the highest activity of β-
xylosidase (7.0 mU/mg), α-L-arabinofuranosidase (0.4 mU/mg), and β-
D-xylanase (1240 mU/mg) was determined at pH 11.0, 7.0, and 8.0,
respectively.
The detection of high levels of cellulase and hemicellulase activity in
the N. corniger gut, and the relative heat-stability of endoglucanase,
exoglucanase, and β-D-xylanase activities, are interesting characteris-
tics. There is an increasing demand for enzymes that are more resistant
to denaturation by temperature and studies have been performed in
order to obtain more stable cellulases for use in biomass conversion
into fuel (Srinivas and Panda, 1998; Farinas et al., 2010). These works
have reported optimal temperature values between 35 and 60 °C,
which is a temperature range where N. corniger endoglucanase showed
good activity; also, the exoglucanases worked well until higher tempera-
tures. In another aspect, cellulases used as components of detergents
should be active at mild conditions of alkalinity and temperatures (Bhat,
2000), which are characteristics demonstrated by the endoglucanases
and exoglucanases of N. corniger. In this sense, the N. corniger cellulases
seem to be interesting candidates to be investigated for use in industrial
processes and for other biotechnological applications.3.2. α-Amylase activity
Gut extracts of N. corniger workers and soldiers were able to pro-
mote starch hydrolysis (Table 1). The α-amylase activity in workers
was higher than that detected in soldiers, and this activity from both
castes was sensitive to heating. The activity was reduced by 81% after
heating at 40 °C for workers and reduced by 61.5% after heating at
50 °C for soldiers (Fig. 1C, a). The activity ofworker and soldier amylases
was neutralized after heating at 70 and 60 °C, respectively. The results
are similar to those reported for amylase activity from the gut of coleop-
terans Prostephanus truncatus and Morimus funereus¸ which was
abolished at 60 and 70 °C, respectively (Mendiola-Olaya et al., 2000;
Dojnov et al., 2008).
Worker and soldier gut amylases were active after incubation at a
wide pH range (3.0–11.0), and the activities were highest at pH 6.0
(24.9 and 5.4 U/mg, respectively). The pH at which other insect amy-
lases showed the best activity is also variable. The highest activities of
coleopteran and lepidopteran α-amylases have been described at pH
5.2 (M. funereus), 6.0 (P. truncatus), 7.0 (Rhyzopertha dominica), and
9.0 (Chilo suppressalis and Glyphodes pyloalis) (Mendiola-Olaya et al.,
2000; Dojnov et al., 2008; Zibaee et al., 2008; Priya et al., 2010; Yezdani
et al., 2010).
The presence of α-amylase has been reported in the digestive
systems of insects from the orders Orthoptera, Hymenoptera, Diptera,
Lepidoptera, and Coleoptera (Terra and Ferreira, 1994), and these en-
zymes are important for optimal larval growth and adult longevity.
However, amylases from termites have been poorly studied. Hogan
et al. (1988) reported the presence of amylase activity in Nasutitermes
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in other gut sections. However, inMastotermes darwiniensis (lower ter-
mite), amylase activity was detected mainly in salivary glands, consti-
tuting 81% of the total amylase activity (Veivers et al., 1982). Amylases
found in termitesmay also have amicrobial origin, such as the amylases
produced by symbiotic bacteria found in the gut of Reticulitermes
santonensis (Mattéotti et al., 2012).
Insect α-amylases have been described as targets of enzyme inhibi-
tors involved in defense from plants (Mendiola-Olaya et al., 2000). The
α-amylase inhibitors are highly speciﬁc for their target enzymes, and
their use for insect control is dependent on a clear understanding of
the expression of different α-amylase isoforms in the insect digestive
tract (Franco et al., 2002).
3.3. Protease activity
Protease activity was detected in workers, but was particularly low
in soldiers (Table 1). Protease activity has been detected in the gut of
other termite species such asOdontotermes formosanus, Pericaproitermes
nitobei, Termes comis, N. takasagoensis, and Macrotermes annandalei
(Fujita and Abe, 2002).
N. corniger worker proteases showed thermal stability, and
azocasein hydrolysis was still detected in extracts heated up to 90 °C;
the highest activity (312 U/mg) was detected after heating at 60 °C,
and this was neutralized only by heating at 100 °C (Fig. 1C, b). An in-
crease in enzyme activity can be promoted bymolecular rearrangement
of proteins, ormay lead to a higher number of collisions and subsequent
binding of enzymes to substrates (Campbell et al., 2008). Proteases in
soldiers were more sensitive to heating than those in workers, and sol-
dier protease activity was neutralized after heating at 70 °C (Fig. 1C, b).
Worker and soldier proteases were active after incubation at a wide pH
range (3.0–11.0); the highest activities were detected after incubation
at pH 4.0 and 8.0 for workers (248 U/mg) and soldiers (40.0 U/mg),
respectively.
Zymography of worker gut extract revealed proteolytic activity for
polypeptide bands with 22, 30, and 43 kDa, and for a polypeptide of
high molecular mass (≥120 kDa) observed on the top of the gel
(Fig. 2). Proteolytic activity from soldier gut extract was not detected
by zymography, probably due to a low concentration of enzymes inFig. 2. Zymography for proteases from N. corniger worker's gut extract on SDS-PAGE
containing casein. Arrows indicated polypeptide bands with proteolytic activity.the extract. The molecular masses of the N. corniger worker proteases
detected on gel are similar to those found for other insect proteases.
Polypeptide bands of 23–24 kDawere visualized on casein zymography
of midgut preparations from R. dominica, andmass spectrometry analy-
sis revealed trypsins from Spodoptera littoralis with 24.3 and 24.4 kDa
(Marchetti et al., 1998; Zhu and Baker, 1999). SDS-PAGE revealed mo-
lecular masses of trypsins fromManduca sexta (Lepidoptera) larvae of
24 kDa, Aedes aegypti (Diptera) adults ranging from 28.5 to 32.0 kDa,
and Locusta migratoria (Orthoptera) adults of 23, 27, and 29 kDa
(Miller et al., 1974; Graf and Briegel, 1985; Lam et al., 2000). Proteases
from gut of C. formosanus workers showed molecular mass of 65, 86
and 102 kDa (Sethi et al., 2011), higher than those detected by us. How-
ever, similar to our results, these authors also found proteases withmo-
lecular mass higher than 120 kDa (123 and 142 kDa, speciﬁcally).
The protease activity from workers was reduced after incubation
with pepstatin A, EDTA, E-64 and PMSF being this last the best inhibitor
(Table 2). These results suggest that worker guts contain serine, aspar-
tate, metallo, and cysteine proteases. Soldier protease activity was
only inhibited by PMSF but in a high level (83%), indicating that prote-
ase activity of soldiers is predominantly linked to serine proteases.
Sethi et al. (2011) reported that C. formosanus workers posses mainly
serine proteases at their gut, similarly to N. corniger.
Since inhibition assays indicate serine proteases as the main class
present in N. corniger gut extracts, we performed an additional charac-
terization using substrates speciﬁc for trypsin-like, chymotrypsin-like,
and keratinase-type enzymes. Trypsin-like protease activity in workers
was higher than that in soldiers, while chymotrypsin level was low in
both castes (Table 1). The activity of keratinase-type enzymes in
N. cornigerworker and soldier gut extracts was very low (Table 1), indi-
cating that keratinized materials are not a very relevant source of nutri-
ents for these termites, or at least to those collected in the region
investigated in this work. Some soils are rich in keratin or keratinized
materials, mainly from decomposing animal materials, and insects syn-
thesize keratinases to digest the keratin present in their diet (Lin et al.,
1992).
The effects of temperature and pH on the activity of the main serine
protease detected were evaluated. Worker gut extract showed in-
creased trypsin-like activity after heating from 40 to 70 °C, and enzyme
activitywas neutralized by heating at 100 °C (Fig. 1C, c). Soldier trypsin-
like activity was more sensitive to heating than the worker enzymes,
since it was neutralized after heating at 50 °C (Fig. 1C, c). N. corniger
worker trypsin was more stable than trypsins described from other in-
sects. Two trypsins found in S. littoralis lost their activity at 50–55 °C
(Marchetti et al., 1998), and the activity of Ostrinia nubilalis larval tryp-
sin was reduced by more than 70% at 60 °C (Bernardi et al., 1996).
Trypsin-like protease activity was detected after incubation at
pH 3.0–11.0, with the highest activity at pH 8.0 (workers) and 9.0
(soldiers). The results suggest that pH changes did not interfere drasti-
cally on the structure of the serine proteases from N. corniger workers
and soldiers, and consequently on their activity. The R. dominica (Cole-
optera) trypsin was also active from pH range from 7.0 to 9.5, butTable 2
Effect of inhibitors on protease activity from worker and soldier gut extracts.
Inhibitor Worker Soldier
Activity
(U)
Residual
activity (%)
Activity
(U)
Residual
activity (%)
Pepstatin A 5.5 ± 0.16 a 85.0 ± 2.4 a 2.1 ± 0.13 a 100 a
EDTA 5.0 ± 0.24 b 77.2 ± 3.6 b 1.94 ± 0.23 a 100 a
E-64 5.6 ± 0.11 a 86.1 ± 1.8 a 2.0 ± 0.34 a 100 a
PMSF 3.6 ± 0.27 c 55.2 ± 4.1 c 0.35 ± 0.05 b 17.4 ± 2.6 b
Control 6.5 ± 0.37 d 100 d 2.0 ± 0.11 a 100 a
One unit of protease activitywasdeﬁned as the amount of enzyme that gave an increase of
0.01 in absorbance at 366 nm. Different lowercase letters indicate signiﬁcant differences at
p b 0.05. Control treatments correspond to extract activity in the absence of inhibitors.
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tera) was inactive at pH 8.0, and unstable below pH 5.0 (Jany et al.,
1978; Zhu and Baker, 1999). Trypsins from Choristoneura fumiferana
(Lepidoptera) and Lygus lineolaris (Heteroptera) showed the highest ac-
tivity at pH 10–12 (Zeng et al., 2002; Wang et al., 2003).
Napoleão et al. (2011) similarly detected a higher trypsin-like activ-
ity in the worker gut than the soldier gut. However, to our knowledge,
there are no reports involving the isolation and characterization of
termite trypsins. The stability of N. corniger proteases stimulates their
isolation and evaluation of biotechnological applications. The thermo-
stability is a feature reported for proteases used in detergent industry,
enzyme-mediated synthesis, wheat-dough rheology, and leather
dehairing, for example (Madhavi et al., 2011; Waters et al., 2011;
Shivasharana and Naik, 2012).
4. Conclusion
The gut of N. corniger contains high levels of enzymes able to digest
the main components of lignocellulosic materials, which is probably
linked to the fact that these termites are considered a voracious pest.
Enzyme activities differed between N. cornigerworkers and soldiers, re-
vealing the presence of distinct digestive apparatuses in these castes,
which may be linked to their differential feeding behavior. This study
is a ﬁrst step in the characterization of digestive enzymes from
N. corniger, and stimulates the puriﬁcation and evaluation of their bio-
technological potential. In addition, the origin (self-produced or symbi-
otic) of the enzymes found at N. corniger gut needs to be determined.
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